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ABSTRACT

Solid-state thermal neutron detectors are desired to replace *He tube tube-based technology for the detection of special
nuclear materials. *He tubes have some issues with stability, sensitivity to microphonics and very recently, a shortage of
®He. There are numerous solid-state approaches being investigated that utilize various architectures and material
combinations. Our approach is based on the combination of high-aspect-ratio silicon PIN pillars, which are 2 um wide
with a 2 pm separation, arranged in a square matrix, and surrounded by °B, the neutron converter material. To date, our
highest efficiency is ~ 20 % for a pillar height of 26 um. An efficiency of greater than 50 % is predicted for our device,
while maintaining high gamma rejection and low power operation once adequate device scaling is carried out.
Estimated required pillar height to meet this goal is ~ 50 pm. The fabrication challenges related to °B deposition and
etching as well as planarization of the three-dimensional structure is discussed.
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1. INTRODUCTION

Neutron detectors are required for numerous applications including astronomy, particle physics, homeland security and
non-proliferation, amongst others. °He has been the workhorse for thermal neutron detectors for the last 50 years:
however, it is now in low supply due to increased usage [1]. In addition to the issue with material availability, solid-
state thermal neutron detectors have additional advantages over the currently used *He gas-based technology in their
inherent insensitivity to microphonics, low voltage operation and small device footprint. These recent developments
have led to a variety of R&D projects on semiconductor-based thermal neutron detectors. Several different designs of
solid-state thermal neutron detectors are currently being investigated [2-6]. Our design is based on a high-aspect-ratio Si
PIN diode pillar arrays filled with °B, which we have coined the “Pillar Detector” [7-16]. Moving from a gas medium
to a solid-state material can dramatically reduce the size of the device by increasing the density of the neutron-absorbing
material, which is attractive for hand-held applications. A comparison of the primary detector figures-of-merit for our
device (after appropriate scaling) and *He tubes is shown in Figure 1. This paper includes a review of the Pillar Detector
design and the fabrication methods used, along with a discussion of alternate methods and the ultimate performance.

2. NEUTRON CONVERSION MATERIALS

Thermal neutrons have a low probability of interacting with conventional semiconductor materials. An early approach
for solid-state thermal neutron detection is to coat a semiconductor material with the thermal neutron absorber/converter
material [17]. There are numerous figures-of-merit that need to be evaluated when comparing neutron-sensitive
materials, including the energy of the neutron interaction (Q value), the thermal neutron cross-section and the additional
energy dispersed during the interaction of neutrons with the material. For instance, in the case of gadolinium, the
thermal neutron cross-section is 49,700; however, the reaction byproducts include electrons, x-rays, and gamma-rays,
which can impact the noise within the device. Because of this fact, Gd is sometimes not considered optimal for thermal
neutron conversion.
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A simple way to evaluate neutron-sensitive materials is to look at the probability of interaction, which is a function of
the material thickness t, 7w = 1-exp(-t/mfp), where the mean free path (mfp) is calculated by the inverse product of N
(the nuclei per volume) and o (the microscopic cross-section). Candidate solid-state materials for use in thermal neutron
detection are shown in Table 1. One approach led by a group of researchers at the University of Nebraska uses
semiconducting “®horon carbide [6]. In contrast to a “bulk” approach, Kansas State University researchers utilize a 3-D
structure referred to as silicon “perforation” technology with °LiF as the conversion material [2]. However, from Figure
2, it is evident that the highest probability amongst the candidate materials listed is the use of pure °B.

Si Pillar
B

*He Tube Pillar Detector

Efficiency 20-90% 50+%
Required voltage | 1000V <10V
Fieldability Microphonics, | Rugged

HV, air transport | Not Commercial

Figure 1. Comparison of the primary detector figures-of-merit for pillar structured thermal neutron detector and *He tubes.

Table 1. Candidate solid-state materials for use in thermal neutron detection.

Boron 100
1°Boron 18
Boron carbide 119
10Boron carbide 24
6Lithium 227

o
Fioride 172
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Figure 2. Probability of neutron interaction as a function of thickness of various solid-state neutron conversion materials.

3. PILLAR STRUCTURED THERMAL NEUTRON DETECTOR

Using a three-dimensionally integrated approach, very high detection efficiency is possible because the geometrical
constraints on the converter material thickness and the resulting range of the energetic ions are decoupled [11], as
shown in Figure 3. First, the thermal neutrons are converted to energetic ions by a material with a high thermal neutron
cross-section. '°B is used (its cross-section for thermal neutrons is o = 3,837 barns), resulting in the following reaction:
n+ B > o + "Li. Here the '°B thickness is defined by the pillar height (etch depth) to absorb the thermal neutrons.
About 50 um of '°B is needed to absorb most of a thermal neutron flux. Second, these energetic ions are collected using
a semiconductor diode. The pillar pitch of 4 um is defined lithographically to allow a high probability of interaction of
the energetic ions with the semiconductor pillar. An efficiency of 20% [32] has been achieved with an array of etched Si
pillars with 13:1 aspect ratio (2 x 2 um? pillars with a 26 um height and a separation of 2 um) on a planar silicon
substrate, arranged in a square matrix. One added benefit of this high-aspect-ratio design is that the so-called
“streaming” of neutrons becomes negligible. When the 3-D Pillar Detector is scaled to 50 um, a high-efficiency device
(>50%) is predicted, with a large neutron to gamma discrimination of 10° [10,11].
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Figure 3. Schematic of a pillar structured thermal neutron detector, h: pillar height (26 um),
d: pillar size (2 pm), s: pillar separation (2 pm).



4. FABRICATION PROCESS AND CHALLENGES

The fabrication approach was developed to be wafer-scale-batch compatible and leverage commercial silicon processing
techniques as much as possible. This section outlines an overview of the wafer specifications and processing flow with
the subsequent subsections going into detail into specific boron deposition options, boron processing, and large-area
fabrication and ongoing challenges. The fabrication process begins by epitaxially growing p+ and i layers on an n+
silicon substrate by chemical vapor deposition; alternatively, the PIN structure can be defined by utilizing float zone
silicon with ion implantation. The pillar diameter and spacing are then defined lithographically, followed by plasma
etching to create high-aspect-ratio structures utilizing an SF¢-based approach (Figure 4a). A conformal coating of *°B is
then deposited on the pillar array by chemical vapor deposition. The ability to deposit a conformal and uniform coating
of 1B [12] is one of the key steps to the success of the detector (Figure 4b). Next, the “etch-back” is carried out using a
Plasmagquest electron cyclotron resonance etching (ECR) [13, 14] to expose the p+ layer for uniform contact formation
[15]. Lastly, after the planarization of the sample, aluminum is sputtered onto the structures to fabricate the electrodes
(Figure 4c).

Multi-step Process

boron
photoresist
e
1. Pattern pr mask 2. Deep RIE etching 3. Conformal Boron | 8 /
. Si Pillar
Deposition -

electrodes

4. Plasma etching

of boron )

Figure 4. Process flow and SEM images of 50 pum silicon pillars structures: (a) as fabricated by etching, (b) after boron deposition,
and (c) after etch-back of excess boron and aluminum evaporation.

5. Deposit contacts

4.1 Boron Deposition

Low-pressure chemical vapor deposition (LPCVD) is an attractive process to produce conformal thin films because it
has the ability to coat substrate topographies (high-aspect-ratio trenches) uniformly and conformally [12, 18, 19]
unachievable by most line-of-sight deposition techniques [20, 21] such as e-beam and thermal evaporation. Growth
kinetics data for the pyrolysis of '°B enriched CVD precursors in different reaction temperature zones is crucial to
determine the deposition parameters to conformally coat high-aspect-ratio pillar substrates with °B films. For CVD
reactions, there are two general types of reactions, as shown in Figure 5: 1) heterogeneous reaction in which the reaction
happens preferentially on substrate surfaces and 2) homogeneous reaction in which the reaction occurs between the
precursor molecules in the gas phase. For conformal coating, the thermal CVD deposition temperature should be
preferentially chosen such that the reaction temperature is high enough to minimize incomplete decomposition of the
precursor [22] but low enough to minimize homogeneous precursor decomposition and hence promote film growth on
the surfaces, Figure 6. Experimentally, the temperature range to achieve these conditions is 425-475 °C for LPCVD.

The success for the development of a CVD conformal coating process also depends on the choice of a suitable precursor.
Possible chemical precursor choices include decaborane, diborane [23], pentaborane, trichloroborazole,
trimethoxyborozole, trimethylboron and borazine [24-26]. The empirical equation for the decomposition of decaborane
is shown below.

B,,H,, —>10B +7H, 0
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Figure 5. Schematics for (a) heterogeneous reaction and (b) homogeneous reaction during a CVD process.
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Figure 6. Pillar fill-factor as a function of CVD reaction temperature.

Other approaches for the deposition of °B films exist, as well. For example, cathodic arc deposition has been examined
for the pillar structure [27], with the ability to coat 6 um tall pillars (3:1 aspect ratio). This technique, however, is
limited by formation of voids and sputtering of Si pillars. It appears unsuitable for deposition at higher aspect ratios.
Electrophoretic deposition of B films for synthesis of MgB, superconductors has also been demonstrated [28].

4.2 Boron Etching

In order to realize the Pillar Detector, it is necessary to develop a controllable, repeatable boron etch process that yields a
planar final morphology without damaging the underlying Si pillars. Previous plasma etching of boron has been
performed using H-, Cl- and F- based plasmas for cleaning of thermonuclear fusion reactor chambers [29-31]. Rates
realized in these processes are extremely low. High-density electron cyclotron resonance (ECR) plasma etching using
both CF, based and pure SFs based plasmas to etch °B thin films was developed [13]. Fluorine based etches produce
the energetically favorable and volatile BF; etch product, while the use of Cl, based etches would result in the easily
dissociated BCl; product. The use of an ECR allows for rapid etch rates due to the high ion and radical density as well
as the decoupled control of the plasma and RF powers. The use of SFg to achieve rapid etch rates with high selectivity to
the underlying Si pillars was further examined, with the addition of H, and O, gases, because Si readily etches in F-
based chemistries [14]. The use of O, in a ratio of 1:2 SF¢:0, was found to result in rapid removal of °B, with an etch
rate in the range of 0.5-1.2 um/min, depending on etch parameters. Using this chemistry, there is a negligible etching of
the Si pillars, which yields flexibility in etch time duration for device fabrication. Figure 7 shows the pillar tops after (a)
over-etching with only SF¢ (poor selectivity) (b) over-etching with 1:2 SF4:0, and (c) a well-timed etch with 1:2 SF¢:O,.
It can be observed that for (a) the Si is recessed within the '°B coating, while for (b) the Si protrudes from the surface.



Figure 7. The pillar tops after (a) over-etching with only SF¢ (poor selectivity)
(b) over-etching with 1:2 SF4:0, and (c) a well-timed etch with 1:2 SF4:0,

In addition to high-density plasma etching, other possibilities exist for 1°B removal. Other typical methods of material
removal used in microfabrication include mechanical/chemo-mechanical polishing or lapping and wet etching. In the
former, a slurry of liquid (e.g., water) and abrasive (e.g., 3.0 um Al,O5;) grit are used to physically remove the material.
Chemical assistance may or may not be used. For a three-dimensional structure this approach proves difficult. First, the
exceptional hardness of boron (40+ GPa) makes removal difficult. Second, the need to avoid removal of any appreciable
amount of silicon would require precise timing and precise uniformity. Lastly, the shear force during the lapping
process has been seen to break the high-aspect-ratio pillars. Therefore, it is a less desirable alternative to plasma etching.

In the second case, wet-etching of boron can be accomplished through the use of an oxidation agent, such as nitric acid.
It is expected that boron etches in nitric acid at elevated temperature through a two-step process: (1) oxidation and (2)
dissolution of the oxide, as shown below:

NO; (aq) + B(s) > BO; (ag) + ¥ N, (g) )
B,0; is known to have a high solubility in water. The process must take place at elevated temperatures, as boron is
known to be resistant to oxidation at room temperature, although this is likely dependent on crystallinity, purity, and
porosity, amongst other parameters. Once the reaction begins, it has been observed that it proceeds rapidly. This fact,
combined with the inevitable gaps without the 3-D structure, result in removal of the boron from the entire structure and
not merely from the top.

4.3 Ongoing challenges

Large-area compatible processing for the Pillar Detectors is required for commercialization. Lithography and deep
reactive ion etching for 26 and 50 um pillars in 4-inch wafer scale (Figure 8a) has been successfully developed. The
boron CVD deposition conditions need to be optimized in terms of high fill-factor and boron stress. Optimized boron
deposition time and temperature result in large boron fill-factor as well as a flat and uniform boron layer covering on top
of pillars as shown in Figure 8b. Non-optimized deposition of boron CVD conditions can produce poor fill-factor and a
very thick boron layer on top, which can delaminate to expose pillar tops, which are shown in Figure 8c. Due to the
nature of the boron ECR etch as well as the initial film morphology and nonuniformity across the sample, the resulting
surface may possess topography on the order of 1-3 um. Directly metallizing this structure can be problematic and can
lead to electrically shorting out the pn junction, if planarization is incomplete [15]. To solve that problem, a planarization
process utilizing spin-on polymer fill and lapping back to expose the tops of the pillars was developed. The spin-on
polymer (ACCUFLO 2027) was spun on samples followed by high temperature bake at 200 °C repeatedly until the top
surface was fully covered by polymer. Chemical mechanical polishing was applied to remove extra polymer with very
fine size of alumina abrasive (0.05 pm). A similar process to expose the tops of the pillars can be done by using an
oxygen-containing plasma. Figure 8d shows the SEM of planarization. The gaps created by the boron CVD and the
ECR etch are completely covered by spin-on polymer, and pillar tops are properly exposed for metallization.
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Figure 8. Scanning electron microscopy pictures of fabrication process of high-aspect-ratio pillar etch, 26 um pillar height, 2 um pillar
width and separtion (a), optimized boron CVD (b), non-optimized boron CVD (c), and planarization by spin-on-polymer (d).

4.4 Device performance

Current versus voltage measurement was performed on a detector with 2 um diameter pillars with 2 pm spacing and 26
um pillar height (Figure 9a). The Si portion of the detector is based on a layer structure of 3 um p* layer, 22 um
intrinsic layer and n* substrate. Low reverse-biased current density of 1.2 x10* A/cm? was measured at -3 V. Low
leakage current is essential for high sensitivity to neutron events because this contributes to the noise floor of the device.
The leakage current is composed of bulk and surface components. The reverse-biased current density of an unetched
planar diode structure is on the order of 107 A/cm? implying that the increase in leakage current is due to surface
recombination or stress-induced bandgap narrowing. Further reduction of the leakage current can be achieved by
passivating the pillar sidewalls [16]. The intrinsic region has a free carrier concentration of 10* cm™, which requires -10
V for full depletion. Capacitance versus voltage characteristics were also measured and are shown in Figure 9b. Both
leakage current and capacitance can produce background noise. Minimization of background noise requires a careful
balancing between both the leakage current and capacitance of the detector, which are proportional and inversely
proportional to the square root of the applied voltage respectively.
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Figure 9. Measured current-voltage (a) and capacitance-voltage (b) characteristics of 26 pum tall Pillar Detector.

Measured neutron and gamma detection spectrum of the pillar structured thermal neutron detector with 26 pum tall pillars
and 2 pm pillar width and separtion are discussed in this section. The neutron response was measured using a *Cf
fission neutron source with intensity of 2x10° neutrons/sec and moderated by 6 inches of polyethylene blocks of to yield
thermal neutrons. This measurement was done with rack-mount electronics; the measurement time was 12 hours, with a
0.5 microsecond shaping time. The energy was calibrated with 2****Cm source, which has an alpha energy peak of 5.5
MeV. Because the neutron source strength decays over time, the calibration structure was re-measured to determine the
current thermal neutron source strength using the known standard efficiency of 7.3% [10]. Using this source strength



and the measured neutron counts/min, the efficiency is determined. Specifically, the detection efficiency was
determined by integrating all counts above the noise level of 110 keV, which gives a thermal neutron detection
efficiency of 20% at -3 V, as shown in Figure 10.
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Figure 10. Measured neutron and gamma detection spectrum of the pillar structured thermal
neutron detector. The inset shows the test configuration.

The performance of the nine-element detector was determined by measuring both the current-voltage characteristics and
thermal neutron response. This is shown in Figure 11 [31]. The neutron measurement was done using a 2*°Cf source
moderated by placing the source within a heavy-water-filled moderating sphere. The detectors were placed 1.5 m from
the source. The detectors were measured at 0 V for 3000 s. Integrating the total counts above the background yields 14
counts’(cm?xsec).
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Figure 11. Nine-element detector. Each detector has an active area of 2 mm x 2 mm.
Current vs. voltage and thermal neutron response are shown for the first column of the 3 x 3 set.

A nine-channel portable readout chain was built using a custom design based on a well-known topology [33] that
includes the charge sensitive preamp, shaping amplifier, low-level discriminator and driver circuit for TTL output.
Figure 12 shows a picture of a 3 x 3 array of detectors integrated into the nine-channel readout system and the efficiency
of the detectors being used. The fast shaper uses a semigaussian, fourth-order bipolar shape with 250-ns peaking time,
which was chosen to minimize the dominant noise component, the noise associated with the detector’s dark current.
Bipolar shaping poses a penalty to the white (high-frequency) noise components but is more tolerant to the lower
frequency components [33] and offers intrinsically better baseline return than unipolar signals, mitigating the need for a
baseline restoration circuit. Additional logic gates combine the event detection signals from any of the nine channels to



give an overall detection rate response or a detection rate per-channel. Multiplicity counting can also be easily
implemented by external logic. Using an unmoderated isotropic 2*Cf source with an activity of 5x10° n/s placed 7.5 cm
from the nine-element detector with 5 cm of high-density polyethylene above and below, a count rate of 6 cps was
obtained. Subsequently, an ASIC was designed to implement the readout functionality with 8 channels in a 4.2 x 4.2
mm? area. The ASIC implementation combined with the Pillar Detectors is expected to provide a compact, low power,
scalable alternative to *He tubes for handheld applications.
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Figure 12. Nine-channel COTS readout integrated with nine-element Pillar Detector array.

The detection efficiency for a solid-state neutron detector is determined by the counts above the threshold energy divided
by the number of incident neutrons. To extrapolate the potential efficiency of the Pillar Detector 3-D numerical
simulations were performed [11]. These simulations included MCNP for the neutron histories, SRIM for the energy loss
for alpha and "Li in both the 1°B and Si portions of the detector, along with 3-D finite element TCAD software package
(Silvaco’s Atlas) to calculate the transport of the electrons and holes generated by the alpha and ’Li particles in the Si
diode portion of the detector. Figure 13 shows a general trend of how efficiency scales with pillar height and agrees
with our experimentally obtained efficiency numbers showing the ability for the Pillar Detector to scale to higher
efficiencies.
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Figure 13. Relationship between thermal neutron efficiency and pillar height (pillar width and separation of 2 um).
The solid line shows the simulated efficiency while the circles show the measured data.



5. CONCLUSION

We have shown that semiconductor-based neutron detectors can be a >He replacement for small-form-factor
applications. Silicon is an ideal material system for electron/hole collection, and *°B is an ideal neutron conversion
material due to its high thermal neutron cross-section and compatibility with silicon foundry processing. The critical
process steps for this structure include the deposition and etching of '°B. Chemical vapor deposition has been
successfully developed for high-fill-factor conformal coating on high aspect ratio structures while plasma etching of the
198 has been developed using a fluorine- or chlorine-containing mixtures. High-aspect-ratio structures of 2 pm x 2 pm
pillars, with a 4 um pitch achieves 20 % thermal neutron detection efficiency, and we have shown how this structure can
be scaled to high efficiency. By increasing the pillar height a 50 % efficiency device is possible.

ACKNOWLEDGEMENTS

The authors would like to acknowledge Tim Graff and Cathy Reinhardt for their excellent support in clean room
fabrication along with Marianne Ammendolia for assistance in electronics assembly. The authors also wish to thank Dr.
Stephen Payne for technical discussions and support. This work was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344, LLNL-
PROC-480809. This work was supported by the Domestic Nuclear Detection Office in the Department of Homeland
Security.

REFERENCES

=

Adee, S.,Physics projects deflate fora lack of helium-3, IEEE Spectrum, Sept. 2010.

2. McGregor, D. S., Klann, R. T., Gersch, H. K. and Yang, Y. H.,“Thin-film-coated bulk GaAs detectors for
thermal and fast neutron measurement, ”” Nucl. Instrum. Methods Phys. Res. A 466 (1), 126-141 (2001).

3. McGregor, D. S., Klann, R. T., Gersch, H. K., Ariesanti, E., Sanders, J. D., and Van Der Elzen, B,.“New
surface morphology for low stress thin-film-coated thermal neutron detectors, ” IEEE Trans. Nucl. Sci. 49,
1999-2004 (2002).

4. Shultis, J.K., and. McGregor, D.S., “Efficiencies of coated and perforated semiconductor neutron detectors,”
IEEE Trans. on Nucl. Sci. 53 (3), 1659-1665 (2006).

5. Shultis, J.K., and McGregor, D.S., “Design and performance considerations for perforated semiconductor
thermal-neutron detectors,” Nuclear Instruments and Methods in Physics Research A, 608-636 (2009).

6. Osberg, K., Schemm, N., Balkir, S., Brand, J. I., Hallbeck, M. S., Dowben, P. A., and Hoffman, M. W, “A
handheld neutron-detection sensor system utilizing a new class of boron carbide diode,” IEEE Sensors J. 6 (6),
1531-1538 (2006).

7. Conway, A.M., Nikolic, R.J., and Wang, T.F., “Numerical simulations of carrier transport in pillar structured
solid state thermal neutron detector,” International Semiconductor Device Research Conference, College Park,
MD, December 12-14, 2007.

8. Nikolic, R. J., Conway A. M., Reinhardt, C. E., Graff, R. T., Wang, T. F., Deo N., and Cheung, C. L. Invited,
“Pillar structured thermal neutron detectors,” International Conference on Solid State and Integrated Circuit
Technology (ICSICT), Beijing, China, October 20-23 (2008).

9. Nikolic, R. J., Cheung, C. L., Reinhardt C. E., and Wang, T. F., “Roadmap for high efficiency solid-state
neutron detectors,” SPIE - International Symposium on Integrated Optoelectronic Devices, Vol. 6013, no. 1,
36-44 (2005).

10. Nikolic, R. J., Conway A. M., Reinhardt, C. E., Graff, R. T., Wang, T. F., Deo N., and Cheung, C. L., “Pillar
structured thermal neutron detector with 6:1 aspect ratio,” Appl. Phys. Lett. 93, p. 133502 (2008).

11. Conway, A. M.., Wang, T. F, Deo, N., Cheung C. L., and Nikolic, R. J., “Numerical simulations of pillar
structured solid state thermal neutron detector: efficiency and gamma discrimination,” IEEE Trans. on Nuclear
Science, 56, 2802-2807 (2009).

12. Deo, N., Brewer, J. R, Reinhardt, C. E., Nikoli¢, R. J., and Cheung, C. L., “Conformal filling of silicon micro-

pillar platform with *°boron,” J. Vac. Sci. Technol. B, vol. 26, 1309-1314 (2008).



13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

33.

Voss, L. F., Reinhardt, C. E., Graff, R. T., Conway, A. M., Nikolic, R. J., Deo, N., and Cheung, C. L.,
“Comparison of CF4 and SF6 plasmas for ECR etching of isotopically enriched 10Boron films,” Nuclear
Instruments and Methods in Physics Research A, vol. 606, 821-823 (2009).

Voss, L. F., Reinhardt, C. E., Graff, R. T., Conway, A. M., Nikolic, R. J., Deo, N, and Cheung, C .L. “Etching
of 10Boron with SF6-based electron cyclotron resonance plasmas for pillar structured thermal neutron
detectors", Journal of Electronic Materials, vol. 39, 63-7 (2010).

Voss, L. F., Shao, Q., Reinhardt, C. E., Graff, R. T., Conway, A. M., Nikolic, R. J., Deo, N., Cheung, C. L.,
“Planarization of high aspect ratio P-I-N diode pillar arrays for blanket electrical contacts,” Journal Vac. Sci.
Tech. B. 28, 916 (2010).

Shao, Q., Conway, A. M., Voss, L. F., Heineck, D. P., Reinhardt, C. E., Graff, R. T., and Nikolic, R. J.,
“Leakage current quenching and lifetime enhancement in 3D pillar structured silicon PIN diodes,” International
Semiconductor Device Research Conference, College Park, MD, December 9-11 (2009).

Rose, A., “Sputtered boron films on silicon surface barrier detectors,” Nucl. Instrum. and Methods 52, 166-170
(1967).

Kusakabe, Y., Ohnishi, H., Takahama, T., Goto, Y., and Machida, K., “Conformal deposition on a deep-
trenched substrate by MOCVD,” Appl. Surf. Sci. 70/71, 763-767 (1993).

Saito, T., Shimogaki, Y., Egashira, Y., and Komiyama, H., “Conformal deposition of WSix films on micron-
sized trenches: The reactivity of film precursors,” Appl. Phys. Lett. 61, 764-765 (1992).

Monteiro, O. R., and Liu, H., “Nucleation and growth of CVD diamond films on patterned substrates,”
Diamond and Related Materials 12, 1357-1361 (2003).

Seshan, K. E., Handbook of Thin-Film Deposition Processes and Techniques: Principles, Methods, Equipments
and Applications, 2nd ed. (William Andrew Publishing/Noyes, Norwich, NY, 2002).

Chen, P. J., Colaianni, M. L., and Yates Jr, J. T., “The thermal dissociation of decaborane on Si(111)-(7x7) and
doping effects in the near surface region,” J. Appl. Phys. 72 (7), 3155-3160 (1992).

LiCausi, N., Clinton, J., Danon, Y., Lu, J.-Q., and Bhat, 1., “Deposition and etching of conformal boron films
for neutron detector applications,” Materials Research Society, Fall Meeting, Boston, MA (2010).

Deutsch, T. F., Fan, J. C. C., Turner, G. W., Chapman, R. L., Ehrlich, D. J., and Osgood Jr., R. M., “ Efficient
Si solar cells by laser photochemical doping,” Appl. Phys. Lett. 38, 144-146 (1981).

Kamimura, K., Ohkubo, M., Shinomiya, T., Nakao, M., and Onuma, Y., “Preparation and properties of boron
thin films,” J. Solid State Chem. 133, 100-103 (1997).

Kim, Y. G., Dowben, P. A., Spencer, J. T., and Ramseyer, G. O., “Chemical vapor deposition of boron and
boron nitride from decaborane,” J. Vac. Sci. Technol. A 7, 2796-2799 (1989).

Klepper, C. C., Monteiro, O. R., Carlson, E. P., and Keitz, M. D., “Energetic deposition of 10boron high aspect
ratio trenches for neutron detectors,” J. Vac. Sci. Technol. B 27 (4) L14-L17 (2009).

Hyam, R. S., Subhedar, K. M., and Pawar, S. H., “Synthesis of MgB?2 films by diffusion of magnesium into
electrophoretically deposited boron films,” Appl. Surf. Sci. 253 (3) 1540-1543 (2006).

Toyoda, H., Isozumi, T., Sugai, H., and Okuda, T., “In-situ boron coating and its removal by glow discharge
processes,” J. Nucl. Mat., 162, 732 (1989).

Toyoda, H., Hanami, A., and Sugai, H., “Rapid cleaning of boronized walls with a chlorine/hydrogen glow
discharge,” Jpn. J. Appl. Phys. 29, 1322 (1990).

Toyoda, H., Hanami, A., Yamage, M., and Sugau, H., “High speed cleaning of boronized wall with CF4
containing plasmas,” Jpn. J. Appl. Phys. 30, 514 (1991).

Nikolic, R. J., Conway, A. M., Radev, R., Shao, Q., Voss, L. F., Wang, T. F., Brewer, J. R., Cheung, C. L.,
Fabris, L., Britton, C. L., and Ericsson, M. N., “Nine element Si-based pillar structured thermal neutron
detector,” Proceedings of the SPIE, Volume 7805, pp. 780500-780500-9 (2010).

Fabris, L., Madden, N.W., Yaver, H. “A fast, compact solution for low noise charge preamplifiers,” NIM-A
4242, 545-551 (1999).



